Introduction
============

Most current chemotherapy drugs do not sufficiently distinguish between cancerous and normal cells, leading to systemic adverse effects and dose-limiting toxicity. Moreover, rapid elimination of anticancer drugs reduces the curative effect and requires the administration of the drug in large quantities, which results in poor response, high cost, and undesirable toxicity.[@b1-ott-9-3153] Attention is now being focused on killing cancer cells by more specific targeting while sparing normal cells. To achieve these goals, one of the methods is the development of novel delivery systems for both existing and new drugs. Nanoparticles (NPs), the advanced, sustained drug delivery systems, are making a significant contribution to the improvement in oncology therapy, such as enhancing the anticancer efficacy and reducing drug toxicity.[@b2-ott-9-3153] In addition, it has been confirmed that a tumor can take up NPs passively through enhanced permeability and retention (EPR). The fundamental features of EPR physiology are hyperpermeable tumor vasculature allowing enhanced permeability of large particles, which are large enough to avoid renal clearance into the interstitial space of the tumor. Meanwhile, the impaired lymphatic drainage of tumor limits the clearance of these particles and causes their enhanced retention.[@b3-ott-9-3153]

However, many clinical outcomes have indicated that EPR is not as reliable to ensure tumor targeting of NPs as previously proved by preclinical studies, which may be attributed to the complex tumor microenvironment.[@b4-ott-9-3153] To overcome the limitation of passive targeting, a variety of methods have been used to ensure that NPs acquire active tumor targeting ability; one of them is to couple NPs with various biomolecules, such as monoclonal antibodies, peptides, aptamers, etc. These active targeting moieties are capable of reducing off-target effects and improving the bioavailability of the NPs.[@b5-ott-9-3153]

Epidermal growth factor receptor (EGFR), which is overexpressed in multiple human solid tumors, is closely related to the prognosis and response to chemotherapy. Thus, it has been a promising target for therapy and a mediator for targeted delivery.[@b6-ott-9-3153],[@b7-ott-9-3153] It has been reported that the tumor-targeting and antitumor effect of NPs for cells with high EGFR expression could be improved evidently when NPs are conjugated with EGFR inhibitors.[@b8-ott-9-3153],[@b9-ott-9-3153] Several studies also have indicated that EGFR inhibitors have synergistic effects with chemotherapy drugs, such as paclitaxel (PTX), pemetrexed, and irinotecan.[@b10-ott-9-3153]--[@b12-ott-9-3153] iRGD, a nine-unit, cyclic, tumor-homing peptide containing the RGD sequence, has been confirmed to increase vascular and tissue permeability in a tumor-specific and neuropilin-1-dependent manner. This peptide activates the CendR pathway specifically via its specific recognition of αvβ3 and αvβ5 integrins, which are highly expressed in parenchyma cells and vessels in a variety of solid tumors.[@b13-ott-9-3153] Thus, when drug carriers are modified with iRGD, their abilities of tumor targeting, tissue penetration, and tumor suppression can be improved significantly.[@b14-ott-9-3153] PTX, a liposoluble anticancer drug, has been demonstrated to show anti-neoplastic activity against various types of solid tumors including gastric and cervical cancer.[@b15-ott-9-3153],[@b16-ott-9-3153] To improve its solubility, it is formulated in a 1:1 blend of Cremophor EL/absolute ethanol as Taxol, which often causes hypersensitivity reaction and neurotoxicity.[@b17-ott-9-3153] In order to reduce these adverse side effects, several strategies have been developed to establish PTX-containing NPs with polymers, liposomes, and albumins. These NP formulations are capable of enhancing the safety, pharmacokinetic profiles, and bioavailability of PTX.[@b18-ott-9-3153]

Previously, we have constructed a recombinant protein named anti-EGFR−iRGD consisting of an anti-EGFR VHH (the variable domain from the heavy chain of the antibody) fused to iRGD. The recombinant protein dually targets EGFR and αvβ3/αvβ5 integrins. It shows anticancer effect in vitro and in vivo and has synergistic effects with PTX.[@b19-ott-9-3153] We also have developed a novel kind of PTX-containing NPs with nontoxic materials using a facile method. The NPs were formed in an aqueous solution at room temperature by self-assembling silk fibroin (SF) protein, and their main characteristics were evaluated. The drug loading content was 10%±2% and drug encapsulation efficiency was 52%±2%.[@b20-ott-9-3153] In this study, we conjugate anti-EGFR−iRGD to the paclitaxel--silk fibroin NPs (PTX-SF-NPs) and investigate their tumor-targeting and anticancer activity.

Materials and methods
=====================

Materials
---------

Cocoons of *Bombyx mori* silkworm were obtained from Jiangsu Province, People's Republic of China. PTX was purchased from Jiangsu Yew Pharmaceutical Co (Jiangsu, People's Republic of China). Anti-EGFR−iRGD was a kind gift from Doctor Sha (The Comprehensive Cancer Center of Drum-Tower Hospital, Medical School of Nanjing University & Clinical Cancer Institute of Nanjing University).

1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide and *N*-hydroxylsuccinimide were obtained from Acros (NJ, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased from Sigma-Aldrich Co., (St Louis, MO, USA). RPMI 1640 (Thermo Fisher Scientific, Waltham, MA, USA) and calf blood serum (Lanzhou Minhai Bioengineering Co., Ltd., Beijing, People's Republic of China) were used as received. Deionized (DI) water, produced by a Millipore water system, was utilized throughout all experiments. EGFR primary antibody was from Cell Signaling Technology (Danvers, MA, USA), and secondary antibody conjugated to horseradish peroxidase was from Abcam (Cambridge, MA, USA). Coumarin-6, NIR-797-isothiocyanate, and fluorescein isothiocyanate (FITC) were purchased from Sigma Chemicals (Perth, WA, Australia). All other reagents were of analytical grade and used without further purification. Human cervical cancer cell line HeLa and human gastric adenocarcinoma cell line MKN-45 were obtained from Shanghai Institute of Biochemistry and Cell Biology (Shanghai, People's Republic of China). No ethics statement was required from the Ethics Committee of Nanjing Drum Tower Hospital for the use of these cell lines.

SF purification and sterilization
---------------------------------

Aqueous stock solutions of SF were prepared as previously reported.[@b20-ott-9-3153] Briefly, cocoons of *B. mori* silkworm were boiled for 30 minutes in 0.5% sodium carbonate twice after chopping and rinsing thoroughly with DI water. Then the extractive was dried in vacuum at 60°C and dissolved in a ternary solution (molar ratio CaCl~2~/H~2~O/CH~3~CH~2~OH =1:8:2) at 60°C for 5 hours. This solution was dialyzed against DI water with a dialysis bag (MWCO 10,000 Da) for 3 days to remove the inorganic salts and ethanol. After centrifuging the solution at 12,000 rpm for 20 minutes, the supernatant was collected and filtered with a 0.22 μm filter to remove microorganisms. The final concentration of SF was determined with a BCA kit.

Preparation of PTX-SF-NPs
-------------------------

PTX-SF-NPs were prepared as described previously.[@b20-ott-9-3153] Briefly, 5 mg of PTX was dissolved in 0.4 mL of absolute ethanol and added dropwise to 5 mL of 0.5% (w/v) SF solution with gentle stirring. After stirring for 5 minutes, the resulting suspension was centrifuged at 12,000 rpm for 20 minutes. Then the sediment was washed twice with DI water by centrifugation and resuspended in PBS (phosphate buffered saline) (pH =7.2) with an ultrasound processor SONICS Vibra-cell VCX130 (Sonics & Materials Inc., Newtown, CT, USA) at 20% amplitude for 2--3 seconds.

Conjugation of anti-EGFR−iRGD to PTX-SF-NPs
-------------------------------------------

The PTX-SF-NPs were prepared as described earlier. The only difference was that the sedimentation was resuspended in MES buffer (pH =5.2) after rinsing. Four milligrams of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide and 11 mg of *N*-hydroxylsuccinimide were added to 1 mL of the 0.5% (w/v) NP suspension. The mixture was stirred and incubated for 30 minutes at room temperature. Then, 1 mg of the anti-EGFR−iRGD was added to the suspension and the pH was brought close to 7.0 by adding PBS buffer (pH =7.2) to the reaction system. The reaction was continued with mild stirring at 4°C for 4 hours and was terminated by adding 1 mg/mL hydroxylamine hydrochloride to the solution. The suspension was centrifuged at 12,000 rpm for 20 minutes and the pellet was washed twice with PBS buffer (pH =7.2). The resulting sediment (A-PTX-SF-NPs) was resuspended in PBS buffer (pH =7.2) by ultrasonic dispersion.

Characterization of PTX-SF-NPs and A-PTX-SF-NPs
-----------------------------------------------

Particle size and zeta potential of these two NPs were measured using a Brookhaven BI-900AT instrument/zeta potential analyzer (Brookhaven Instruments Corporation, Holtsville, NY, USA). Fourier transform infrared (FTIR) spectra were recorded using a Nicolet iS10 FTIR spectrometer (Thermo Scientific, Swedesboro, NJ, USA). Morphology studies of the NPs were carried out using transmission electron microscopy (TEM) (JEM-100s; JEOL, Tokyo, Japan).

Recombinant protein conjugation efficiency on A-PTX-SF-NPs
----------------------------------------------------------

To quantitatively determine the conjugation efficiency, a fluorescence RF-5301PC spectrometer (Shimadzu, Japan) was used. Generally, the recombinant protein was conjugated with FITC at the amine groups of lysine. The labeled protein was dialyzed against PBS to remove any unconjugated FITC. FITC-labeled A-PTX-SF-NPs were prepared with the same procedure except that antibody-EGFR−iRGD, instead of FITC, was labeled. The resuspended, FITC-labeled A-PTX-SF-NPs supernatant, after reaction and washing with DI water or PBS buffer by centrifugation, was collected for fluorescence measurement with excitation and emission wavelengths of 490 nm and 525 nm, respectively. Standard curve was obtained corresponding to the fluorescence intensity of different concentrations of original FITC-labeled anti-EGFR−iRGD solution. After quantifying the amount of unconjugated recombinant protein in the supernatant, the conjugation efficiency (CE%) was finally calculated by the following formula: $$\begin{array}{l}
{\text{Total}\ \text{amount}\ \text{of}\ \text{anti-EGFR} - \text{iRGD}} \\
{\text{added} - \text{Amount}\ \text{of}\ \text{anti-EGRF} - \text{iRGD}} \\
{\text{CE}\ \% = \frac{\text{left}\ \text{in}\ \text{the}\ \text{supernatant}}{\text{Total}\ \text{amount}\ \text{of}\ \text{anti-EGFR} - \text{iRGD}\ \text{added}} \times 100\%} \\
\end{array}$$

Western blot assay
------------------

The protein expression level of EGFR was determined using a standard protocol. Briefly, cell extracts of HeLa and MKN-45 were collected by using the PIPA lysate (P0013C, Beyotime). The collections were prepared with loading buffer and separated by SDS-PAGE at a constant voltage and electrotransfered onto polyvinylidene difluoride (PVDF) membranes (EMD Millipore, Billerica, MA, USA). The membranes were then blocked at room temperature for \~1 hour with shaking and incubated with a primary antibody overnight at 4°C. After rinsing with TTBS for three times, the membranes were incubated with a secondary antibody for 1 hour. The blots were visualized using an enhanced chemiluminescence method after washing three times.

In vitro cytotoxity
-------------------

MTT assay was carried out to test the in vitro cytotoxity of PTX-SF-NPs and A-PTX-SF-NPs against the two cancer lines HeLa and MKN-45. Cells (5,000 cells per well) were seeded in 96-well plates with RPMI 1640 medium supplemented with 10% calf serum. After incubating at 37°C with 5% CO~2~ for 24 hours, the cells were then exposed to various concentrations of PTX-SF-NPs and A-PTX-SF-NPs for 48 hours. Then, 20 μL of 5 mg/mL MTT solution was added to each well, and incubation was carried out for another 4 hours. The medium was discharged, and 150 μL DMSO per well was added to dissolve the formazan crystals. The absorption at 490 nm was measured by an ELISA reader (ELX800 Biotek), and the cell viabilities were calculated by the following formula: $$\text{Cell}\ \text{viability}\ \left( {100\%} \right) = \frac{\text{Abs}\left( \text{sample} \right) - \text{Abs}\left( \text{background} \right)}{\text{Abs}\left( \text{control} \right) - \text{Abs}\left( \text{background} \right)} \times 100\%$$

Cellular uptake of NPs in vitro
-------------------------------

For in vitro cellular uptake study, coumarin-6-loaded NPs were prepared with the same procedure except for coumarin-6 replacing PTX as the hydrophobic core. HeLa cells in the logarithmic growth phase were seeded in six-well plates (10^5^ cells per well) with RPMI 1640 medium supplemented with 10% calf serum. After incubating at 37°C with 5% CO~2~ for 24 hours, coumarin-6-SF-NPs and A-coumarin-6-SF-NPs were added into the wells (equal to 5 μg/mL in the medium) and incubated for 1 hour each. After washing with ice-cold PBS three times, the fluorescent signals of cells were observed with a fluorescence microscope (Olympus Corporation, Tokyo, Japan). The mean optical density was quantified with ImageJ 1.48V (NIH, USA).

In vivo antitumor efficacy
--------------------------

The in vivo antitumor efficacy was evaluated by using HeLa tumor-bearing nude mice. All animal experiments were approved by the Animal Care Committee, Drum Tower Hospital, Nanjing, People's Republic of China. All animal-handling procedures were performed in compliance with guidelines set by the Animal Care Committee, Drum Tower Hospital. BALB/c (nu/nu) mice (4 weeks, 18--22 g, male) were subcutaneously injected with HeLa cells (5×10^6^ cells per mouse). Ten days after cell injections, the tumor-bearing nude mice were randomly divided into three groups (five mice per group); the day of randomization was designated as Day 1. Group 1 was treated with normal saline (NS) as control, group 2 was treated with PTX-SF-NPs (75 mg/kg), and group 3 was treated with A-PTX-SF-NPs (75 mg/kg PTX-SF-NPs equiv). All treatments were intravenously administrated via a tail vein every 4 days three times. Throughout the study, size of the tumors was measured with a caliper every other day and the volume was calculated as V = D × d^2^/2, where d and D are the shortest and the longest diameter of the tumor in millimeters, respectively. In order to reduce the impact of initial tumor volume differences among different groups, relative tumor volumes were calculated by the following formula: $$\text{Relative}\ \text{tumor}\ \text{volumes} = \frac{V}{V_{0}}$$

In [Equation 3](#fd3-ott-9-3153){ref-type="disp-formula"}, V represents the absolute tumor volume, and V~0~ represents the average tumor volume of the group on Day 1. On Day 14, the mice were sacrificed, and their heart, lungs, liver, spleen, and kidneys were collected for hematoxylin and eosin staining to assess the systemic toxicity.

In vivo imaging
---------------

To investigate the tumor targeting and accumulation of NPs in vivo, NIR-797 isothiocyanate was used as an imaging agent. First, 3 mg of NIR-797 isothiocyanate dissolved in 0.5 mL of anhydrous DMSO was added to 10 mL of 0.5% (w/v) SF solution under gentle stirring in the dark for 12 hours. Unreacted NIR-797 was removed by dialysis against DI water with a dialysis bag (MWCO 10,000 Da) for 2 days. Then the NIR-797-labeled SF was used to prepare NPs with the same produce as described in the previous section. HeLa-bearing mice described earlier were injected with NIR-797-labeled PTX-SF-NPs and A-PTX-SF-NPs via a tail vein. The NIR fluorescence images were acquired, and the signal intensity was measured with a Maestro EX in vivo fluorescence imaging system (CRi, Inc., Hopkinton, MA, USA). Scans were performed at different time points post administration. To evaluate the accumulation and biodistribution of NPs in vivo, the relative signal intensities were calculated by the following formula: $$\text{Relative}\ \text{signal}\ \text{intensity} = \frac{\text{Average}\ \text{signal}\ \text{tumor}}{\text{Average}\ \text{signal}\ \text{liver}}$$

At the end of test, the tumor-bearing mice were sacrificed, and the tumor, heart, liver, spleen, lungs, and kidneys were collected for isolated imaging to estimate the biodistribution of NPs in the organs.

Results
=======

Characterization of PTX-SF-NPs and A-PTX-SF-NPs
-----------------------------------------------

In this work, we used ethanol as the PTX solvent to optimize the preparation technology according to our previous work.[@b20-ott-9-3153] The mean size of PTX-SF-NPs and A-PTX-SF-NPs was 137.8±13.1 nm and 186.0±19.7 nm, respectively, both with a narrow distribution (polydispersity index \[PDI\] 0.22±0.04 and 0.24±0.05, respectively). The presence of recombinant protein on the NPs' surface increased the particle size ([Table 1](#t1-ott-9-3153){ref-type="table"}). Both the NPs were mostly spherical and well dispersed according to TEM. TEM analysis showed that the diameter of A-PTX-SF-NPs was greater than that of PTX-SF-NPs ([Figure 1](#f1-ott-9-3153){ref-type="fig"}), which was consistent with the result measured by dynamic light scattering (DLS). The zeta potential of PTX-SF-NPs was 8.13±1.59, whereas that of A-PTX-SF-NPs was −12.08±0.82.

The FTIR spectra of PTX-SF-NPs and A-PTX-SF-NPs were similar. In addition, for A-PTX-SF-NPs, the intensity of the main absorption bands at 1,646 cm^−1^ (C=O) and 3,068--3,651 cm^−1^ (O--H) increased significantly ([Figure 2A](#f2-ott-9-3153){ref-type="fig"}). This change indicated that A-PTX-SF-NPs contained more carboxy groups.

Spectrofluorometry was used to identify the existence of anti-EGFR−iRGD on A-PTX-SF-NPs and to determine the conjugation efficiency. The fluorescence of FITC could be detected in A-PTX-SF-NPs and the supernatant ([Figure 2B](#f2-ott-9-3153){ref-type="fig"}), and the conjugation efficiency was 76.27%±12.29% ([Table 1](#t1-ott-9-3153){ref-type="table"}). The fluctuation of conjugation efficiency may be attributed to the amount of carboxyl groups on the surface of the NPs.

EGFR level in the two cell lines
--------------------------------

The expression levels of EGFR in the two cell lines were measured by Western blot. Compared with that in HeLa, the EGFR levels in MKN-45 cells could not even be detected ([Figure 3A](#f3-ott-9-3153){ref-type="fig"}).

In vitro cytotoxicity and cellular uptake of NPs
------------------------------------------------

In vitro cytotoxicity of NPs was evaluated using the MTT assay in HeLa and MKN-45 cells. Both cancer cells were treated with increasing doses of PTX-SF-NPs and A-PTX-SF-NPs. A dose-dependent cytotoxicity was observed for both PTX-SF-NPs and A-PTX-SF-NPs in HeLa and MKN-45 cells. A-PTX-SF-NPs exhibited significantly increased cytotoxicity compared to PTX-SF-NPs (*P*\<0.05) in HeLa cells, except at the concentration of 16 μg/mL (*P*=0.051) ([Figure 3B](#f3-ott-9-3153){ref-type="fig"}). Meanwhile, in the MKN-45 cell line with poor EGFR expression, although the cell viability of the A-PTX-SF-NPs group was lower than that of the PTX-SF-NPs group, no significant difference was found ([Figure 3C](#f3-ott-9-3153){ref-type="fig"}). In the cellular uptake assay, coumarin-6-loaded NPs were used to co-incubate with HeLa cells for 1 hour at 37°C. It can be seen that the fluorescence of A-coumarin-6-SF-NPs was significantly stronger than that of coumarin-6-SF-NPs ([Figure 4A and B](#f4-ott-9-3153){ref-type="fig"}). The mean optical density of the PTX-SF-NPs group and the A-PTX-SF-NPs group was 6.56±0.37 and 12.63±1.91, respectively ([Figure 4C](#f4-ott-9-3153){ref-type="fig"}). These results showed that A-Coumarin-6-SF-NPs were more targetable to cells with high EGFR expression, consistent with our in vitro cytotoxicity result.

In vivo antitumor activity
--------------------------

The in vivo antitumor efficacy of PTX-SF-NPs and A-PTX-SF-NPs was evaluated in the nude mice bearing subcutaneous inoculated HeLa tumors. The treatments were administrated via a tail vein with NS, PTX-SF-NPs, and A-PTX-SF-NPs, respectively, and repeated every 4 days three times a day. As is shown in [Figure 5A](#f5-ott-9-3153){ref-type="fig"}, the relative tumor volumes for the NS group were the largest among all the groups at all measuring time points (*P*\<0.01). The A-PTX-SF-NPs group showed slower tumor growth and smaller relative tumor volumes than the PTX-SF-NPs group and the differences were highly significant (*P*\<0.05) except on Day 4 (*P*=0.068). On Day 13, the relative tumor volumes were 1.50±0.30 for the A-PTX-SF-NPs group, 3.35±0.61 for the PTX-SF-NPs group, and 8.23±1.99 for the NS group.

In addition, to evaluate the acute systemic toxicity of PTX-SF-NPs and A-PTX-SF-NPs, the mice were sacrificed on Day 14 and pathological studies of important organs in each group were carried out, including the heart, lungs, liver, spleen, and kidneys. No obvious morphological changes of the organs were found, indicating good biocompatibility and in vivo safety of both NPs ([Figure 5B](#f5-ott-9-3153){ref-type="fig"}).

In vivo imaging
---------------

The fate and accumulation of A-PTX-SF-NPs and PTX-SF-NPs in vivo were monitored via real-time NIR fluorescence imaging. As is shown in [Figure 6A and B](#f6-ott-9-3153){ref-type="fig"}, during the initial 1 hour post injection, both A-PTX-SF-NPs and PTX-SF-NPs accumulated in the liver and intestine. At 4 hours post injection, fluorescence signal appeared at the tumor site for both A-PTX-SF-NPs and PTX-SF-NPs. The fluorescence signal in the tumor of PTX-SF-NPs was weaker than that of A-PTX-SF-NPs except at 4 hours post injection ([Figure 6C](#f6-ott-9-3153){ref-type="fig"}). Both NPs retained a strong fluorescence signal at the tumor site until the test ended. It took 144 hours to reach the maximum fluorescence intensity for PTX-SF-NPs, while it took only 24 hours for A-PTX-SF-NPs ([Figure 6D](#f6-ott-9-3153){ref-type="fig"}). In contrast, the fluorescence intensity of both NPs in the liver decreased relatively rapidly. It was also noticed that the fluorescence signal of PTX-SF-NPs was similar to that of A-PTX-SF-NPs in the liver except at 4 hours post injection ([Figure 6B](#f6-ott-9-3153){ref-type="fig"}). The relative intensity of A-PTX-SF-NPs and PTX-SF-NPs was \>1 after 12 hours and 96 hours post injection, which meant that more NPs accumulated in the tumor than in the liver ([Figure 6E](#f6-ott-9-3153){ref-type="fig"}). This result demonstrated that both groups of NPs have prolonged circulation time, but A-PTX-SF-NPs have better tumor-targeting ability than PTX-SF-NPs.

Finally, the mice were sacrificed at 168 hours post injection, and ex vivo fluorescence intensity images were obtained for the tumor tissue as well as other major organs such as the heart, liver, spleen, lungs, and kidneys. As shown in [Figure 6F](#f6-ott-9-3153){ref-type="fig"}, at 168 hours post injection, strong fluorescence was still observed in the tumor tissue and liver for both A-PTX-SF-NPs and PTX-SF-NPs, while other tissues showed negligible fluorescence signal. Furthermore, it was noticed that for A-PTX-SF-NPs, the fluorescence signal in the tumor was much higher than that in the liver, while PTX-SF-NPs' signal in the tumor was similar to that in the liver.

Discussion
==========

In recent decades, active tumor-targeting drug delivery systems have attracted particular interest in cancer treatment with the capability to facilitate drug delivery to tumor cells. Conjugating a drug with a tumor-specific molecule is one of the most commonly used approaches to realize the objective.[@b21-ott-9-3153] In previous work, we developed a recombinant protein named anti-EGFR−iRGD based on anti-EGFR VHH and a tumor-penetrating peptide, and demonstrated its targeting integrin and EGFR, inhibiting EGFR Tyr1172 phosphorylation and with high penetration ability.[@b19-ott-9-3153] In this study, we investigated further whether anti-EGFR−iRGD was capable of enhancing the tumor-specific targeting of NPs when conjugated with them. We selected PTX-SF-NPs as the NPs because of their simple preparation method and significant anticancer activity. Meanwhile, there was a fair amount of carboxyl groups on the surface of PTX-SF-NPs, which could be used to link with the recombinant protein via carbodiimide chemistry.[@b22-ott-9-3153] Since the conjugation efficiency of anti-EGFR−iRGD and anti-EGFR−iRGD singly conjugated NPs was different and incomparable (data not shown), we just chose anti-EGFR−iRGD as the targeting ligand.

Our results showed that the diameter of A-PTX-SF-NPs was higher than that of PTX-SF-NPs. The presence of the recombinant protein on the NP surface increased the particle size. Meanwhile, the surface charge of A-PTX-SF-NPs was more negative. The slight alteration may be due to the conjugation of the recombinant protein, which contained a large amount of aspartic acid and glutamic acid residues.[@b19-ott-9-3153]

In order to evaluate the cytotoxicity and targeting effect of A-PTX-SF-NPs, HeLa and MKN-45 cells were used as the cell models. We found that A-PTX-SF-NPs showed significantly increased cytotoxicity and targeting efficiency compared to PTX-SF-NPs in HeLa cells ([Figures 3B](#f3-ott-9-3153){ref-type="fig"} and [4A--C](#f4-ott-9-3153){ref-type="fig"}). In the MKN-45 cell line, the cell viability of the A-PTX-SF-NPs group was lower than that of PTX-SF-NPs group with no significant difference ([Figure 3C](#f3-ott-9-3153){ref-type="fig"}). This slight difference may was attributed to the existence of iRGD on the surface of A-PTX-SF-NPs. It was also suggested that the biodistribution and therapeutic performance of NPs were closely related to their particle size.[@b23-ott-9-3153] We speculated that the larger size of A-PTX-SF-NPs might be counteracting the function of iRGD partially.

We further examined the therapeutic efficiency of A-PTX-SF-NPs in HeLa tumor-bearing nude mice. A-PTX-SF-NPs showed better antitumor effect than PTX-SF-NPs in vivo ([Figure 5A](#f5-ott-9-3153){ref-type="fig"}), which was consistent with the in vitro cytotoxicity result. Having evaluated the in vivo antitumor efficiency of A-PTX-SF-NPs, in vivo tumor-homing ability was determined by NIR fluorescent imaging. A-PTX-SF-NPs and PTX-SF-NPs accumulated in the liver and intestine in the initial 1 hour post injection, indicating that some of the NPs were rapidly phagocytosed by the phagocytic cells and the reticuloendothelial system (RES). PTX-SF-NPs exhibited more tumor accumulation than A-PTX-SF-NPs at 4 hours post injection ([Figure 6D](#f6-ott-9-3153){ref-type="fig"}). This phenomenon may be due to the smaller size of PTX-SF-NPs (\<150 nm), leading to a better EPR effect.[@b24-ott-9-3153] A-PTX-SF-NPs showed a higher level of tumor accumulation at the other detected time points, indicating that anti-EGFR--RGD might enhance the tumor-homing ability of NPs.

Conclusion
==========

In this study, A-PTX-SF-NPs were prepared successfully by conjugation PTX-SF-NPs with anti-EGFR−iRGD. A-PTX-SF-NPs showed superior antitumor efficacy and better tumor targeting in vitro and in vivo compared to unconjugated NPs in EGFR overexpressing tumor cells. These results suggest that A-PTX-SF-NPs can be used as a potential carrier for targeted delivery in cancer therapy.
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![(**A**) TEM image of PTX-SF-NPs. (**B**) TEM image of A-PTX-SF-NPs.\
**Note:** Magnification, ×40000.\
**Abbreviations:** TEM, transmission electron microscopy; PTX, paclitaxel; SF, silk fibroin; NPs, nanoparticles.](ott-9-3153Fig1){#f1-ott-9-3153}

![(**A**) FTIR of PTX-SF-NPs and A-PTX-SF-NPs. (**B**) Fluorescence spectra of A-PTX-SF-NPs and supernatant after reaction.\
**Abbreviations:** FTIR, Fourier transform infrared; PTX, paclitaxel; SF, silk fibroin; NPs, nanoparticles.](ott-9-3153Fig2){#f2-ott-9-3153}

![The cytotoxicity of PTX-SF-NPS and A-PTX-SF-NPS against tumor cells with different EGFR expression.\
**Notes:** (**A**) EGFR levels in HeLa and MKN-45 cells. (**B**) In vitro cytotoxicity of PTX-SF-NPs and A-PTX-SF-NPs against Hela cell lines. (**C**) In vitro cytotoxicity of PTX-SF-NPs and A-PTX-SF-NPs against MKN-45 cell lines. Data are represented as mean ± SD and cover relative values, n=3. Statistical analyses were performed with Student's *t*-test, \**P*\<0.05.\
**Abbreviations:** EGFR, epidermal growth factor receptor; PTX, paclitaxel; SF, silk fibroin; NPs, nanoparticles.](ott-9-3153Fig3){#f3-ott-9-3153}

![The fluorescence microscopic images of Hela cells after incubation with Coumarin-6-SF-NPs and A-Coumarin-6-SF-NPs.\
**Notes:** Cellular uptake of Coumarin-6-SF-NPs (**A**) and A-Coumarin-6-SF-NPs (**B**) by HeLa cells. (**C**) The mean optical density of Coumarin-6-SF-NPs and A-Coumarin-6-SF-NPs. All data were expressed as the mean ± standard, n=3. Data represent the means of three independent experiments. Statistical analyses were performed using the one-way ANOVA. \**P*\<0.05. Magnification, ×200.\
**Abbreviations:** SF, silk fibroin; NPs, nanoparticles; ANOVA, analysis of variance.](ott-9-3153Fig4){#f4-ott-9-3153}

![The antitumor effect and systemic toxicity of PTX-SF-NPs and A-PTX-SF-NPs in vivo.\
**Notes:** (**A**) Relative tumor volumes during treatment of HeLa tumor-bearing mice that received different treatments. Data are represented as mean ± SD (n=5). \**P*\<0.05 and \*\**P*\<0.01. (**B**) Main organs (heart, liver, spleen, lung and kidney) were dissected for H&E staining on the 14th day after treatment. Tissue alterations of only few inflammatory cells infiltrating in liver and spleen could be seen, while no significant abnormal damage were observed.\
**Abbreviations:** NS, normal saline; PTX, paclitaxel; SF, silk fibroin; NPs, nanoparticles; H&E, hematoxylin and eosin.](ott-9-3153Fig5){#f5-ott-9-3153}

![The NIRF images of HeLa tumor-bearing mice following intravenous injection of NIR-797 labeled PTX-SF-NPs (**A**) and A-PTX-SF-NPs (**B**). Absolute signal intensity of NPs in liver (**C**) and tumor (**D**). (**E**) Relative signal intensity of PTX-SF-NPs and A-PTX-SF-NPs. (**F**) NIRF images of various organs at 168 h post-administration with PTX-SF-NPs and A-PTX-SF-NPs.\
**Abbreviations:** PTX, paclitaxel; SF, silk fibroin; NPs, nanoparticles; NIRF, near infrared fluorescence.](ott-9-3153Fig6){#f6-ott-9-3153}

###### 

Size, PDI, zeta potential, and conjugation efficiency of the NPs

                              PTX-SF-NPs   A-PTX-SF-NPs
  --------------------------- ------------ --------------
  Mean size, nm               137.8±13.1   186.0±19.7
  PDI                         0.22±0.04    0.24±0.05
  Zeta potential, mV          −8.13±1.59   −12.08±0.82
  Conjugation efficiency, %   --           76.27±12.29

**Note:** Data presented as mean ± standard deviation.

**Abbreviations:** PDI, polydispersity index; NPs, nanoparticles; PTX, paclitaxel; SF, silk fibroin.
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